Introduction
============

Transposable elements (TEs) are genetic mobile elements that constitute a variable but major fraction of virtually all eukaryote genomes. Their movement is an important source of mutations and can be a threat for the genomes, which have evolved sophisticated mechanisms, such as epigenetic silencing, to control TEs ([@evy073-B17]; [@evy073-B33]). However, TE insertions can also generate new variability useful for evolution, and there is a growing list of examples of TEs insertions that are causative mutations of new selected phenotypes. Indeed, in plants TEs are considered together with polyploidy as the major mechanisms for plant evolution, both in the wild and under plant breeding ([@evy073-B29]; [@evy073-B43]; [@evy073-B42]). TEs can contribute to genome evolution in many ways, and in particular they are a rich source of new genes and regulatory elements. In particular, TEs can contribute new transcriptional terminators, splicing signals, and promoters, as well as a number of transcriptional regulatory elements such as insulators, enhancers, and in general, transcription factor binding sites (TFBS) ([@evy073-B5]; [@evy073-B28]). This endows TEs with the capacity to generate transcriptional variability that can in some cases be selected during evolution. In animals, many examples of TFBS contributed by TEs, and in particular by LTR retrotransposons, have been reported in the last few years ([@evy073-B19]; [@evy073-B5]). In plants, LTR retrotransposons have also been shown to frequently overlap with potential enhancers ([@evy073-B28]). However, the amplification of TFBS by these elements has not ben reported yet. On the contrary, we have previously reported that a different type of TEs, the miniature inverted-repeat transposable elements (MITEs), has amplified and redistributed the E2F TFBS during Brassica evolution, and demonstrated that E2F binds in vivo to the TFBS located within MITEs ([@evy073-B15]).

MITEs are small nonautonomous DNA transposons that can be present in genomes at relatively high copy numbers ([@evy073-B7]). Together with LTR retrotransposons, and TRIMs ([@evy073-B10]) MITEs are the most prevalent type of TEs in plants were they are frequently found in the gene-rich euchromatic regions of the chromosomes ([@evy073-B2]; [@evy073-B12]). Although MITEs can be mobilized by related transposases by a cut-and-paste nonreplicative mechanism, they can also be amplified, by mechanisms that are still to be clarified, and attain very high copy numbers in genomes ([@evy073-B12]). The small size of MITEs together with their excision capacity may make these elements particularly suited to generate new gene variability with a reduced risk of created deleterious mutations, in particular when inserting in gene regulatory regions. At the same time, their capacity to be amplified and reach high copy numbers render them capable of having a global impact on gene and genome evolution.

Peach (*Prunus persica*), is a well-characterized fruit crop species notable for its economic value and role as a model species for the *Prunus* genus. Peach is a diploid (2*n* = 2× = 16) species with a relatively small genome size (∼230 Mb). A high quality whole genome sequence from double haploid Lovell cultivar is available ([@evy073-B41]). TEs account for at least 30% of the genome space ([@evy073-B40]). In addition to the significant genome fraction that TEs account for, they have been shown to have generated important phenotypic variation in this species. As an example, LTR retrotransposon insertions are responsible for the yellow flesh phenotype ([@evy073-B6]) and the glabrous phenotype of nectarines ([@evy073-B39]). This suggests that, although the genetic variability in peach is considered to be low ([@evy073-B38]), TEs have been active and have generated new alleles in the recent evolution of this species. In an attempt to better annotate the MITE fraction of the peach genome, and to study their potential impact in peach genome evolution, we performed a dedicated annotation of peach MITEs and analyzed their possible contribution to the amplification and redistribution of transcription factor (TF) binding motifs. Our results show that MITEs have amplified several TF binding motifs during the evolution of peach and other *Prunus* genomes, which are linked to the regulation of stress responses and flowering time, two essential processes for plant adaptation, and also two key traits for crop breeding. Moreover, our work shows that MITEs have also amplified TF binding motifs related to fruit ripening in tomato and suggests that the capture, amplification, and redistribution of TF binding motifs by MITEs could have had a general impact in plant genome evolution.

Materials and Methods
=====================

Analysis of 10-nt Motif Frequencies
-----------------------------------

As the final purpose of the work was to look for the potential enrichment in MITEs of sequence motifs that could be bound by TFs, the length of the k-mer to be searched was decided on the basis of the length of the characterized plant TF binding motifs. The size distribution of the plant TF binding motifs as defined by the JASPAR database has a major peak between eight and ten nucleotides (nt), and a median at 11 nt. We therefore decided to look for 10-nt motif sequences. All the permutations of words of length 10 nt (4^10^; 1,048,576 words) were searched against both strands of the peach genome. Microsatellites (word composed exclusively of 1-, 2-, or 3 nt-period repeats) were removed from analysis.

MITE Prediction and TF Binding Motif Search
-------------------------------------------

MITE prediction was performed with MITE-Hunter ([@evy073-B14]). About 262 and 241 consensus sequences, with its multiple sequence alignments (MSA) associated, were obtained for peach and *P. mume*, respectively. As MITE-Hunter manual recommends, manual inspection of every MSA, which included 60-nt flanking sequences, was performed in order to better define the ends of each predicted element and select only those for which clear borders could be defined. We retained 206 and 180 family consensus sequences for peach and *P. mume*, respectively. Stringent search for MITE copies for each consensus was performed with RepeatMasker ([www.repeatmasker.org](http://www.repeatmasker.org)) with a cut-off of 250. The RepeatMasker output gff3 file was converted into a bed file and its coordinates were merged. RepeatMasker copies obtained with each consensus sequence were considered as members of the corresponding MITE family. In order to avoid including DNA transposons in the MITE annotation the sequence of each putative MITE was translated into six frame protein sequence and analyzed with hmmscan (version 3.1.b2, hmmer.org) against PFAM ([@evy073-B8]) the presence of transposases or any other TE domain.

Potential terminal-inverted repeat (TIR) sequences were defined by blasting all peach MITE elements against themselves and analyzing inverted-repeated sequences (E value \< 10^−5^) within the first or last 200 nt starting at less than ten of the element ends.

The potential enrichment of each 10-nt word in the peach MITE fraction was analyzed by performing a Fisher's exact test, and words enriched in the MITE fraction with a *P* value \<0.05 were selected. In order to concentrate in words highly enriched in the MITE fraction, we identified those showing a frequency in this fraction exceeding three times the peach MITE genome coverage (12.54%). The highly enriched words (as well as their complementary words) were transformed to MEME motif format with iupac2meme (from MEME suite; [@evy073-B1]) and the TF binding motifs identification was performed with TomTom from the MEME suite software with Plant Jaspar Database (JASPAR_CORE_2016_plants.meme) ([@evy073-B22]), with an e-value of \<0.01. Five additional TF binding motifs used in a previous report on *A. thaliana* ([@evy073-B15]) were also added to the analysis (E2F, GBOX, Ibox, MSA, UP1). TFBS Jaspar Matrix from all predicted TF binding motifs (58) and additional TF binding motifs (5) were retrieved and degenerate sequences for each matrix was obtained with "convert-matrix" from RSAT ([@evy073-B23]).

For both peach and *P. mume* a search for degenerate sequences in not-MITE and MITEs genome fractions was performed with "DNA-pattern" from RSAT. Each predicted TF binding motif in MITE was assigned to a MITE family. Significance of TF binding motifs enrichment in MITEs was calculated with a Fisher's exact test with a *P* value \< 0.05 for every TF binding motifs. In order to concentrate in TF binding motifs highly enriched in the MITE fraction, we identified those showing a frequency in this fraction exceeding three times the peach and *P. mume* MITE genome coverage.

Candidate Genes
---------------

Distances to genes/CDS were obtained using closest feature from bedops ([@evy073-B27]). Orthologous relationships between peach and *P. mume* proteins was computed with InParanoid 4.1 ([@evy073-B37]), with bootstrap (100 replicates) and no outgroup. Candidate UPR-involved genes were retrieved from ([@evy073-B35]). Genes showing altered transcription levels in *rin* and *cnr* mutants were retrieved from ([@evy073-B46]). Candidate PIF3 regulated genes in *Arabidopsis thaliana* were obtained from [@evy073-B32]. Orthologous genes in peach and *P. mume* were retrieved from peach functional annotation.

Orthologous pairs between *S. lycopersicum* and *S. tuberosum* were retrieved from Phytozome v11 ([@evy073-B11]).

Use of P-MITE Predictions
-------------------------

A complete list of the 11 genomes and its respective P-MITE data analyzed in this work is available at [supplementary table 1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, all of them downloaded in September 20, 2016 ([@evy073-B3]). The analyzed genomes were chosen to cover both big and small genomes, and both high and low MITE predicted coverage. We also included both cultivated crops and wild species and closely and more distantly related genomes. P-MITE database contains MITE annotations predicted using different MITE detection softwares, including MITE-Hunter, MITE Digger, and RPSB. MITE sequence coordinates were obtained with BLASTn (with options ungapped, max_target_seqs = 1, perc_identity = 100 and 100% sequence coverage) of each MITE element sequence against its genome and subsequently the coordinates were merged, as there was some degree of overlapping between the sequences retrieved. Sequences with Ns were discarded. The statistical significance of TF binding motifs enrichment in MITEs was calculated with a Fisher's exact test with a *P* value \< 0.05 for every TF binding motif in each species.

Results
=======

A 10-nt Word Representation in Peach Genome
-------------------------------------------

As a first unbiased step to analyze the impact of MITEs in amplifying sequences in peach, we searched the genome for all the possible combinations of 10-nt words. The expected frequency for a 10-nt word in a random genome of 227 Mb, which is the size of the published assembly of the peach genome ([@evy073-B40]), is 434 copies (probability of finding a 10-nt word of 2×9.54×10^−7^). However, as an important part of genome sequences has functional constraints, these figures may vary. The mean frequency of the 10-nt words was 425.7 copies per genome and the median was 244, with a maximum count number of 36,945 and some words not present at all in the genome ([supplementary fig. 1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

With respect to the words that are highly overrepresented, we analyzed the chromosomal distribution of the words that were present in \>5,000 copies in the peach genome and found that they concentrate in a single location in each chromosome close to the potential centromere position ([@evy073-B41]) ([fig. 1](#evy073-F1){ref-type="fig"}). This suggests that these sequences are part of peach centromere repeats. Indeed, the sequence of the already described 166-nt peach centromeric repeats ([@evy073-B24]) coincides with that of some of the highly prevalent short sequences here described (not shown).

![---Distribution of 10-nt enriched words (\>5,000 copies) along chromosomes. A 10-nt word frequency (% nt per 1 Mb bin) for words in MITEs (orange line) and outside of MITEs (blue line). Approximate centromere position is depicted as green bars.](evy073f1){#evy073-F1}

The 10-nt Words Overrepresented in MITEs in Peach
-------------------------------------------------

In order to assess the impact of MITEs in the amplification of short sequence motifs, we performed a dedicated annotation of MITEs in the peach genome using MITE-Hunter ([@evy073-B14]). MITE Hunter provided us with a list of potential MITEs that were clustered in 262 families, which were reduced to 206 after manual inspection and curation of the alignments (see Materials and Methods for details). We then used RepeatMasker ([www.repeatmasker.org](http://www.repeatmasker.org)) to look for copies in the genome obtaining a total of 39,620 MITE sequences that account for 4.18% of the peach genome.

In order to look for possible 10-nt words potentially amplified by MITEs, we analyzed their potential enrichment in the MITE fraction by performing a Fisher's exact test, and selected the words enriched in the MITE fraction with a *P* value \<0.05. About 42,869 words (8.2% of the total) were overrepresented in MITEs to a variable extent. In order to concentrate on those highly overrepresented in MITEs, we selected those whose percentage of presence in the MITE fraction exceeded three times the MITE coverage (i.e., as MITEs account for 4.18% of the peach genome, a motif is considered as highly overrepresented in MITEs when 12.54% of its instances are found within MITEs). About 19,621 words, 3.75% of 10-nt sequence motifs present in the peach genome, are overrepresented in the MITE fraction ([fig. 2](#evy073-F2){ref-type="fig"}).

![---10-nt word copy number in peach versus fraction of 10-nt word in MITEs. Red and blue lines indicates, respectively, fraction of MITEs in the genome (4.18%) and three times this value (12.54%). Red circles represent words in TIR of MITEs.](evy073f2){#evy073-F2}

As shown earlier, the sequences represented \>5,000 times in the peach genome concentrate in the centromere. Recently, it has been proposed that MITEs could also concentrate in the heterochromatic centromeres in Arabidopsis ([@evy073-B13]), in contrast with the accepted view of MITEs being more frequently found close to genes in euchromatic regions of chromosomes ([@evy073-B2]). We therefore checked whether the sequences present in MITEs could contribute to the concentration close to the centromeres of the highly represented sequences. As it can be seen in [figure 1](#evy073-F1){ref-type="fig"}, the 10-nt words highly represented in MITEs are almost evenly distributed along chromosomes and do not concentrate in the centromere, with a distribution that is compatible with the accepted distribution of MITEs in euchromatic regions.

MITEs frequently contain short TIR sequences that are bound by transposases of related transposons for mobilization ([@evy073-B7]; [@evy073-B21]) and as a consequence, MITE amplification may amplify short TIR sequences, which should be overrepresented in the MITE fraction of the genome. We therefore identified sequences corresponding to TIRs of the MITE families annotated in peach among the 10-nt sequences overrepresented in MITEs and found 527 sequences (2.6% of the sequences overrepresented in MITEs) corresponding to MITE TIRs ([fig. 2](#evy073-F2){ref-type="fig"}).

MITEs are defective class II elements and, a part from the TIRs and possible subterminal sequences ([@evy073-B7]; [@evy073-B2]; [@evy073-B21]), they do not contain other obvious functional sequences. Nevertheless, the amplification of a MITE family will imply the amplification of its internal sequence, which, irrespective of the role for the element itself, could have an impact on genes located in their vicinity. A particular case is the presence of TFBS within the MITE internal sequence, as we have recently shown for different MITE families in Brassica containing the E2F TFBS ([@evy073-B15]).

Presence of TF Binding Motifs in MITEs
--------------------------------------

In order to analyze the possible amplification of sequences showing similarity to known TF binding motifs by MITEs in peach, we analyzed if any of the 10-nt words highly (presence in the MITE fraction exceeded three times the MITE coverage) overrepresented in peach MITEs fits the consensus of plant TF binding motifs as defined in the JASPAR database ([@evy073-B22]). This analysis showed that the 19,621 10-nt sequences highly overrepresented in the MITE fraction matched 58 putative TF binding motifs as defined in the JASPAR database. As TF binding motifs are usually defined by a sequence profile rather than a single sequence, we used the corresponding consensus sequences to recalculate their distribution between the MITE fraction and the rest of the genome. Most of these degenerated sequences are not overrepresented in the MITE fraction, but 23 putative TF binding motifs are, 5 of them being highly overrepresented (i.e., presence in the MITE fraction exceeded three times the MITE coverage) ([table 1 and](#evy073-T1){ref-type="table"}[supplementary table 2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These are the binding motifs of the bZIP transription factors bZIP60, TGA6, TGA2, and ABI5, as well as the TCP domain-containing factor Glyma 19g26560.1. Among them, the enrichment for a sequence fitting the TF binding motif of bZIP60 is the most striking, with almost half of the sequences fitting the consensus found within MITEs. The binding motifs for the other bZIP transcription factors partially overlap with that of bZIP60 ([table 1](#evy073-T1){ref-type="table"}) and therefore their prevalence within MITEs could simply be the result of the bZIP60 enrichment in these elements. We therefore decided to concentrate on the bZIP60 TF binding motif. An analysis of the MITEs than contain sequences fitting the bZIP60 binding motif showed that the vast majority of them (85.5%) belong to two closely related MITE families (peach_2\_69252 + peach_3\_60840) related to a PIF-Harbinger DNA transposon described in Repbase (Harbinger-1_Pp) ([@evy073-B18]) ([supplementary fig. 2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The peach genome contains only 43 copies of the complete Harbinger-1_Pp element, but contains 1,051 of the MITEs belonging to the peach_2\_69252 and peach_3\_60840 families. Interestingly these families show a high sequence conservation, in particular peach_2\_69252 ([supplementary fig. 3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting that they have been amplified recently during peach genome evolution. Table 1Distribution of the Most Abundant Transcription Factor Binding Motifs in MITE in Peach and *Prunus mume*TF NameTF Binding Motif Degenerate Sequence*Prunus persicaPrunus mume*\#Genome\#Mite**% in MITE**[^a^](#tblfn2){ref-type="table-fn"}\#Genome\#Mite**% in MITE**[^b^](#tblfn3){ref-type="table-fn"}ABF3ACACGTGT3,20036711.47\*3,53838710.94\*ABI5bgmCACGTGk12,9321,71613.27\*11,2971,45912.91\*bZIP60TGACGTCA2,6561,31349.44\*3,0711,16537.94\*bZIP910mTGACGT30,0033,24210.81\*24,7362,76211.17\*Glyma19g26560.1gGGsCCCAC2,82246816.58\*3,20964320.04\*MYB55ACCTAMCG3,9562807.08\*3,0061454.82PIF3dgCCACGTGr2,66727510.31\*2,84856719.91\*TCP5GGGACCAY7,25478510.82\*6,9336429.26\*TGA2ACGTCAkC10,6622,27521.34\*9,0081,90421.14\*TGA6kaTGACGTma1,16730826.39\*1,42925517.84\*[^2][^3][^4]

Potential Impact of TFBS-TEs in Gene Regulation in Peach
--------------------------------------------------------

Although in some plants such as maize enhancers can be located far from the transcriptional unit ([@evy073-B28]), in general plant promoters are supposed to be relatively compact with TFBS that effectively participate in gene regulation located relatively close to the transcribed gene unit. In order to start studying whether the potential TFBS located within MITEs (MITE-TFBS) could contribute directly to gene regulation in peach, we analyzed the distance between the bZIP60 TFBS, both located within MITEs or outside MITEs, and peach coding sequences. Our results show that almost one-third of the bZIP60 MITE-TFBS are located at \<1 kb from an annotated coding sequence, and an half of them lay in the gene proximal upstream region ([supplementary table 3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This distribution is compatible with the already mentioned general prevalence of MITEs in genic regions but outside coding regions where their insertion could be deleterious. In any case, the high percentage of MITE-TFBS in proximal upstream regions could allow bZIP60 MITEs to participate in gene regulation.bZIP60 is a key transcription factor of the plant unfolded protein response (UPR), which is a set of signaling pathways that respond to stress in the endoplasmic reticulum triggered by biotic and abiotic stresses ([@evy073-B16]). Moreover, UPR also elicits seed stratification and bud dormancy in plants, and in particular in peach ([@evy073-B9]), and it has recently been shown in Arabidopsis that there is an important crosstalk between the UPR response and the light signal transduction ([@evy073-B26]). Peach, and in general the species of the *Prunus* genus, bloom early in spring, as compared with other fruit trees after a short dormant and chilling period, and differences in signaling pathways regulating dormancy, such as bZIP60, may be relevant for this important agronomic trait in these species.

We manually retrieved 320 peach genes belonging to gene families known to be involved in UPR in other plant species, such as chaperones, membrane-associated NAC transcription factors ([@evy073-B35]) and inspected them for the presence of putative bZIP60 TFBS at \<1-kb upstream of the coding sequence ([supplementary table 4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Only seven genes have a bZIP60 TF binding motif in the proximal upstream region, which is not surprising as only a minor fraction of the 320 genes potentially involved in the UPR response are expected to be bZIP60 direct targets. In four out of the seven cases, the bZIP60 TFBS is contributed by a MITE.

Analysis of MITE-TFBS in *Prunus mume*
--------------------------------------

The results presented above suggest that MITEs have amplified the bZIP60 TF binding motifs during the evolution of the peach genome. In order to get more insight into this process, we have analyzed the possible amplification of TF binding motifs by MITEs in *Prunus mume*, a close relative to peach whose genome has already been sequenced ([@evy073-B45]). To this end, we annotated MITEs in *Prunus mume* using the same approach and parameters used to annotate MITEs in peach. The number of MITEs identified (41,132) and the fraction of the *Prunus mume* genome they occupy (4.1%) is very similar to that of peach. Among the 58 TFBS analyzed, 23 are significantly enriched in the MITE fraction of the *Prunus mume* genome, and 7 of them are highly overrepresented in MITEs ([table 1](#evy073-T1){ref-type="table"}). About five of them coincide with those highly overrepresented in the MITE fraction of the peach genome, with numbers that are very similar between the two genomes ([table 1](#evy073-T1){ref-type="table"}), suggesting that the amplification occurred, at least in part, prior to the split of both species. Indeed, the analysis of the regions flanking MITEs containing one of the enriched TF binding motifs, that of bZIP60, shows that 40.1% of them are inserted at orthologous positions in peach and *Prunus mume*. In addition, in *Prunus mume*, the binding motif for the bZIP60 transcription factor is one of the most enriched in the MITE fraction. As already discussed, bZIP60 is an important regulator of stress responses in plants, and it has been shown to also regulate seed and bud dormancy in peach ([@evy073-B9]). Plant adaptation to different environments, as part of the speciation process, implies the adjustment of the stress responses to new and different stresses. The presence of stress-related TFBS within mobile modules such as MITEs may help to generate the variability needed in the stress response. In addition, *Prunus* species show important variability in bud dormancy and flowering time, *Prunus mume* being one of the first trees that blooms in early spring ([@evy073-B45]), whereas peach flowers much later. We therefore analyzed the variability of the bZIP60 binding motifs located within or outside MITEs, and laying at \<1 kb of a coding sequence, among the two *Prunus* genomes analyzed. Our data show that whereas 34.7% of the bZIP60 binding motifs found outside MITEs in the gene proximal upstream regions (\<1 kb from the coding region) are common between the two genomes (i.e., they are found in the upstream region of orthologous genes), \<6% of those located in MITEs and laying at the gene proximal upstream regions are common between peach and *P. mume* ([fig. 3](#evy073-F3){ref-type="fig"}). Interestingly, whereas two out of the three bZIP60 TF binding motifs not located in MITEs that lay upstream of the genes selected as potentially participating in the UPR response are conserved in *P. mume*, none of those identified as contributed by MITEs is conserved ([supplementary table 4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This highlights the potential expression variability induced by the movement of TFBS-MITEs, which in the case of stress responses could be of particular interest.

![---Orthologous one-to-one genes which contain bZIP60 a binding motif at \<1-kb upstream of CDS in peach and/or *Prunus mume*. The top diagram shows the bZIP60 binding motifs outside of MITEs and the bottom diagram depicts the bZIP60 binding motifs in MITEs.](evy073f3){#evy073-F3}

Interestingly, in addition to the five TF binding motifs amplified by MITEs in peach, two other TF binding motifs seem to have been amplified in *Prunus mume*. In particular, MITEs seems to have amplified the binding site of PIF3 to a greater extend in *Prunus mume* as compared with peach. Although the binding motifs of the different PIF transcription factors are similar, and are related to the G-box sequence, the motif amplified in *Prunus mume* seems to better fit the binding site of PIF3 as defined in the JASPAR database specifically, as the other PIF TF binding motifs and the G-box TF binding motif do not seem to be highly overrepresented in the MITE fraction ([supplementary table 2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The vast majority (\>90%) of PIF3 binding motifs within MITEs have been amplified by three close MITEs families related to Harbinger-1_Pp. These MITE families are overlap with those that have amplified the bZIP60 TF binding motif in peach and *Prunus mume*, and are present in 2,445 copies in *Prunus mume* genome. A close inspection of these families in both peach and *Prunus mume* showed that both the bZIP60 and the PIF3 TF binding motifs can be found in the same MITE element, this situation being more frequent in *Prunus mume* than in peach. The high sequence conservation of these families suggests that they amplified very recently during the evolution of peach and *Prunus mume* ([supplementary fig. 4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

PIFs plant transcription factors are involved in different light-regulated processes, and in particular in the regulation of dormancy and flowering in perennial plants ([@evy073-B34]). As already explained *Prunus mume* flowers much earlier than peach, and differences in the light-regulated transcriptional networks, and in particular on those related to dormancy and flowering are to be expected.

An important fraction of the MITEs containing a sequence fitting the PIF3 TF binding motif are located in the upstream proximal region (\<1 kb away) of an annotated coding sequences in both peach (12.7%) and *Prunus mume* (22%) ([supplementary table 5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These include several genes that in Arabidopsis are known to be regulated by PIFs, such as two glycosyltransferases that may glycosylate anthocyanin and be therefore involved in flower pigmentation ([@evy073-B4]) that contain a PIF3-MITE in their proximal upstream region in *Prunus mume.* In addition, the list also contains a number of genes potentially related to the regulation of flowering and flowering time ([supplementary table 6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These genes include, for example, the one coding for the Ultraviolet-B receptor UVR8, the one encoding a Phosphorylcholine cytidylyltransferase protein and the one encoding a subunit of the Nuclear Factor Y. UV-B regulates photomorphogenesis and flowering ([@evy073-B44]), the Nuclear Factor Y transcription factors initiates photoperiod-dependent flowering by cooperatively interacting with CONSTANS to drive the expression of FLOWERING LOCUS T (FT) ([@evy073-B36]). The Phosphorylcholine cytidylyltransferase is an enzyme of the phosphatidylcholine (PC) biosynthesis pathway, and increased levels of PC induce flowering in Arabidopsis. Moreover, it has been shown that PC is specifically bound by the FT, a component of florigen that induces flowering ([@evy073-B25]).

MITEs Amplify TF Binding Motifs in Different Plants Species
-----------------------------------------------------------

The results presented above suggest that MITEs have the capacity to amplify and distribute TF binding motifs throughout the genome in different *Prunus* species, and suggest that MITEs could have had an important impact generating transcription regulation variability during the evolution of plant genomes in general. In order to start exploring this possibility, we undertook the analysis of the prevalence within MITEs of the 58 TF binding motifs here analyzed in other plant species. To this end, we took advantage of the plant MITE database P-MITE ([@evy073-B3]) that contains an annotation of MITEs in 41 genomes of plants. P-MITE also contains a MITE annotation of the peach genome, which allowed us to compare the peach MITE annotation here performed with that of P-MITE. The MITE coverage is slightly higher in the annotation here presented as compared with the one available from P-MITE (4.18% vs. 3.66%). The two MITE annotations are highly overlapping with 78.8% of the P-MITE elements and 79.3% of the P-MITE coverage included in the annotation here presented and 71.5% of MITEs and 69.4% of the MITE coverage from this annotation annotated in P-MITE. Although, the two MITE annotations were based on MITE-Hunter, both include different steps of manual curation of the MITE representatives obtained by this program and slightly different parameters to look for copies using RepeatMasker that may explain the small differences found. In spite of these small differences the two annotations are essentially overlapping. We therefore decided to use the P-MITE annotation of 11 plant species, including that of peach, to analyze whether any of the 58 TFBS here analyzed could have been amplified and mobilized by MITEs. The analysis of the distribution of the 58 TF binding motifs among the MITE and non-MITE fractions of these 11 genomes ([supplementary table 7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) shows that in 10 out of the 11 genomes there are some sequences fitting TF binding motifs that are significantly overrepresented in the MITE fraction suggesting that MITEs have amplified TF binding motifs in all these genomes. The results obtained with the P-MITE annotation for peach are remarkably similar to those obtained with the MITE Hunter annotation here reported (compare [supplementary table 2](#sup1){ref-type="supplementary-material"} and [supplementary table 7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), confirming that the data obtained with the two approaches can be compared. Moreover, this analysis also shows the previously reported concentration of the E2F TF binding motifs in MITEs in Arabidopsis and *A. Lyrata* ([@evy073-B15]).

Interestingly, as already shown when analyzing the results obtained for peach and *P. mume*, or the aforementioned MITE-related amplification of the E2F TFBS in Brassica species, phylogenetically related species tend to show similar patterns of amplification. For example, both the tomato and potato genomes show a potential amplification by MITEs of sequences fitting the binding consensus for several TFs, including bZIP TFs such as ABF3, ABI5, and PIFs, three TFs that bind to G-box related TFBSs, with the G-box motif itself also being highly present in the MITE fraction ([table 2](#evy073-T2){ref-type="table"} and [supplementary table 7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This suggests that G-box like TF binding motifs may have been amplified by MITEs during *Solanum* evolution and that this may endow G-box related transcriptional networks, such as light signal transduction networks, with a high plasticity in these species. As an example, we have analyzed the presence of ABF3 and ABI5 TF binding motifs in the proximal upstream region (\<1 kb away) of orthologous genes in tomato and potato, and found that whereas ∼20% of the TF binding motifs laying outside MITEs are common, only 2.2% or 3.2% are shared for ABF3 and ABI5, respectively, when they are located within MITEs ([fig. 4](#evy073-F4){ref-type="fig"}). Table 2Distribution of the Most Abundant TF Binding Motifs (*A*) and Additional Motifs Analyzed (*B*) in Tomato and Potato(*A*) TF NameTF Binding Motif Degenerate Sequence*Solanum lycopersicumS. tuberosum*\#Genome\#Mite**% in MITE**[^a^](#tblfn5){ref-type="table-fn"}\#Genome\#Mite**% in MITE**[^b^](#tblfn6){ref-type="table-fn"}ABF3ACACGTGT5,62771712.74\*5,5011,34924.52\*ABI5bgmCACGTGk7,1171,37919.38\*9,7493,02431.02\*bZIP911GrTGACGTGkmC23013659.13\*10055FHY3ywCACGCGCThw52213425.67\*3936215.78\*MYB3dGGTAGGTara1,798754.171,66926515.88\*OJ1058_F05.8mCACGTGk16,4982,07912.6\*18,6265,71630.69\*PIF3dgCCACGTGr2,32051322.11\*3,76682821.99\*PIF4CACGTGsc11,0851,0799.73\*11,6501,90316.33\*TCP15/TCP23GGGCCCAC4,6511,49932.23\*3,6193068.46\***(*B*) TF nameTF binding motif degenerate sequence\#Genome\#Mite% in MITE\#Genome\#Mite% in MITE**E2FTTSSCGSSAA2525481.902069572.75GboxGCCACGT32741588217.97\*27804459116.51\*IboxCTTATCC8075031283.87\*69964864012.35\*MSAGACCGTT266103261.23163595243.20UP1GGCCCA11275163765.65\*11190446774.18[^5][^6][^7]

![---Orthologous one-to-one genes which contain an ABF3 (*A*) or an ABI5 (*B*) binding motif at \<1-kb upstream of genes in tomato and/or potato. Top diagrams show the binding motifs outside of MITEs and the bottom diagram depicts the binding motifs in MITEs.](evy073f4){#evy073-F4}

In spite of the similarity of the amplification patterns, tomato and potato also show clear differences, suggesting that MITEs could have also amplified TF binding motifs after speciation. This is the case of the bZIP911 TFBS and, more strikingly, that of the TCP15/23 TF. An analysis of the MITEs containing the TCP15/23 binding motifs in tomato shows that they are almost exclusively (96%) located in one MITE family related to the Mutator superfamily (DTM_Sol3), ([@evy073-B3]). This MITE family shows a high sequence conservation ([supplementary fig. 5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), which suggest a recent amplification compatible with its specific presence in tomato.

The genome of tomato is more than four times bigger than that of peach, with much bigger intergenic regions. However, there is an important fraction of the TCP15/23 TF binding motifs contributed by MITEs (6.6%) located in the close proximity (\<1 kb away) from tomato coding sequences, suggesting that they may contribute to gene regulation ([supplementary table 8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). TCPs are TFs involved in different developmental processes in plants. In particular, in tomato some TCPs, including TCP15, are expressed during fruit development and ripening, and its expression is regulated by key ripening regulators RIN, CNR, and SlAP2a ([@evy073-B30]). This suggests that the amplification and mobilization of a sequence fitting the consensus of the TCP15/23 TFs could have had an important impact on the evolution of transcriptional networks that regulate fruit ripening in tomato. Indeed, among the 96 tomato genes that contain a TCP15/23 TF binding motif contributed by a MITE in the proximal upstream region, 12 have been reported to show altered transcription levels in mutants for the RIN and CNR transcription factors ([@evy073-B46]), which are key regulators of fruit ripening ([supplementary table 9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting that MITEs may have contributed to wire new genes into the ripening transcriptional network, modifying this process which is of paramount agronomic importance in this species.

Discussion
==========

TEs are known to be an important source of genetic variability that can be used in evolution. In plants, an important number of TE causative mutations leading to phenotypes selected during evolution both in the wild and under plant breeding have been reported ([@evy073-B42]). TEs are thus considered as one of the main drivers of plant genome evolution ([@evy073-B20]; [@evy073-B43]). Among the different changes that TEs can induce, the modification of gene transcriptional regulation is probably one of the subtlest, and therefore, in most cases, one of the most useful for evolution. Indeed, the robustness of transcriptional regulation tolerates mutations without an immediate phenotypic consequence, and allows in the long run the creation of complex regulatory network topologies through neutral evolution ([@evy073-B31]). This should be particularly true for MITE-induced mutations, as MITEs are small elements that can even be excised, and therefore could more frequently lead to neutral mutations than other TEs. We have previously shown that MITEs have amplified and redistributed TF binding motifs for the E2F TF during the evolution of different Brassica species, and that these binding motifs within MITEs were bound in vivo by the E2F TF ([@evy073-B15]). Here, we show that MITEs could have amplified different TF binding motifs in different plant species. The analysis of 12 different plant genomes for the presence of 58 TF binding motifs in MITEs shows that in 11 out of the 12 plant genomes analyzed have at least one TF binding motif overrepresented in the MITE fraction. Related species tend to share MITE overrepresented TF binding motifs (see, e.g., the two *Prunus* species and the two *Solanum* species analyzed), suggesting MITE-related TF binding motif amplification predating the split of the two species. However, there are also many species-specific MITE-related amplifications, even when considering the *Prunus* and the *Solanum* related species, suggesting that the amplification of TF binding motifs by MITEs could happen at different stages of the genome evolution within a species.

Our results show that two related families of Harbinger MITEs have amplified the TF binding motif for the bZIP60 TF during *Prunus* evolution, and as a consequence, both peach and *Prunus mume* have an important percentage of these TF binding motifs sitting within MITEs. This may endow the bZIP60 transcriptional network a high plasticity. Indeed, we show here that whereas the bZIP60 TFBS located in the proximal upstream regions of genes laying outside MITEs are essentially conserved between the two species, those within MITEs are much more variable. These variability of genes containing bZIP60 TF binding motifs in their upstream proximal region induced by MITEs could modify the responses of these two species to the stimuli transduced by bZIP60 TFs. Interestingly bZIP60 is a key regulator of signaling pathways of biotic and abiotic stresses ([@evy073-B16]) and bud dormancy, in particular in peach ([@evy073-B9]). The type of stresses a plant species needs to face depend on the environmental conditions in which the plants are grown, and therefore are expected to differ from species to species. The response to these changing environments should also evolve and differ between different species. Mobilizing key TF binding motifs through MITEs could help to evolve these networks in a rapid and efficient way. Similarly, bud dormancy is a key strategy to ensure blooming in the appropriate environmental conditions and different species have different dormancy periods and blooming times. The species of the *Prunus* genus bloom early in spring, as compared with other fruit trees. However, there are important differences between *Prunus mume*, which is one of the first trees that blooms in early spring ([@evy073-B45]), and peach, that flowers much later, and differences in signaling pathways regulating dormancy, such as bZIP60, may be relevant to explain these differences. Interestingly, our results show that in *Prunus mume*, the amplification of bZIP60 TF binding motif has been accompanied by the amplification of the binding sites of PIF (and in particular PIF3) TFs, which also participates in the regulation of dormancy and flowering in perennial plants. This amplification by a subset of the elements that amplified the bZIP60 TF binding motif seems to have happened in *Prunus mume* after the split from the common ancestor of this species and peach. The analysis of the genes that contain this new PIF3 binding motif contributed by MITEs in their proximal upstream region shows that many of them are related to flowering regulation, strongly suggesting that MITEs could have rewired these genes into the PIF3 transcriptional network in *Prunus mume*, affecting the regulation of flowering time in this early blooming species. It seems therefore that MITEs could have not only affected transcriptional networks that are important for plant adaptation to the environment but also to networks that regulate important agronomic traits that have been subjected to intensive breeding, as it is the case of flowering time in *Prunus*. Indeed, the results here presented also show that MITEs could also have contributed to the recent evolution of tomato, and in particular to the evolution of the fruit ripening transcriptional network, one of the most important targets of tomato breeding. The amplification by MITEs of the TCP15/23 TF binding motif in tomato, and the presence of these MITEs in the proximal upstream region of genes known to be regulated by key ripening regulators, strongly suggests that MITEs could have played an important role in the evolution of the ripening transcriptional network in tomato.

MITE are among the smallest and more highly repetitive TEs in plant genomes, this, together with their general association to genes and their capacity to be excised, makes them the ideal vector for mobilizing TF binding motifs and creating new regulatory networks or testing the inclusion of new genes into the existing ones. Although molecular biology and genetic approaches will be needed to unambiguously demonstrate the impact of the TFBS-MITE insertions here described in the regulation of the genes located close to them, the work here presented provides for the first time strong indications for a general role of MITEs in the evolution of transcription networks in plants.
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